Two intermediates in the synthesis and maturation of phage P22 DNA have been identified by sedimentation of lysozymedetergent lysates of induced lysogens or infected cells through sucrose density-gradients.
Introduction
Phage P22 is a temperate phage of Salwwnellu typhimurium. In addition to the capacity to lysogenize ita host, and to act as the vector in generalized transduction, this phage has a property hitherto associated only with the T-even coliphages; it has a circular genetic map (Gough & Levine, 1968) . As in T4, the chromosome of phage P22 is a single linear double-stranded DNA molecule and is circularly permuted and terminally repetitious in its nucleotide sequence (Rhoades, MacHattie & Thomas, manuscript in preparation).
These facts lend great interest to the processes of phage P22 DNA synthesis and maturation. The terminal redundancy and circular permutation of the information in the DNA must somehow be perpetuated. Streisinger and his collaborators (Streiainger, Edgar & Denhardt, 1964; Sechaud et al., 1965 ; Streisinger, Emrich 8z Stahl, 1967) have suggested an ingenious explanation for the perpetuation of these features during the reproduction of T4 phage. Their scheme envisions the production, at some time during the synthesis and maturation of phage DNA, of DNA molecules longer than those extracted from phage heads. The complete phage genome would be repeated several times over in each of these long molecules. These would then be cut at random into the DNA molecules found in phage heads. The ends of different molecules would be at 2. Materials and Methods (a) Chemicala Sarkosyl NL30 (sodium dodecyl sarcosinate, 30% solution) was the gift of the Geigy Chemical Corporation.
Angio-Conray (sodium iothalamate, 80% (w/v) solution) was purchased from the Malhnckrodt Chemical Works. EDTA was purchased as the disodium salt from Eastman Kodak. When dissolved in water at a concentration of 0.6 M and adjusted to pH 8.5 with NaOH there is a faint yellow color, which is removed by passing the solution through a Millipore filter (average pore size, O-46 p). Pronase (B grade) was purchased from the California Biochemical Corporation. Lysozyme (muramidase, twice crystallized) was purchased from the Worthington Biochemical Corporation. Cesium chloride (99*96%, optical grade) was the product of the Varlacoid Chemical Co. Reagent grade sucrose was purchased from Merck & Co. thymidine was purchased from the New England Nuclear Corporation. Carrier-free [3aP]orthophosphate was obtained from Tracerlab, Inc. Dimethyl POPOP and PPO scintillators were purchased from the Packard Instrument Co. Casein hydrolysate was purchased from the Nutritional Biochemicals Corporation ; it is a salt -and vitamin-free acid hydrolysate of dialysed casein in sterile 10% solution. It contains virtually no phosphate. All other chemicals were standard products of reagent grade.
(b) Media
The standard medium used is a Tris-glucose-Casamino acid medium in which the concentration of phosphorus (as phosphate) can be controlled. 200 ml. of this medium contains 20 ml. of 1 M-Tris (pH 7.4); 4 ml. 10% casein hydrolysate; 1 ml. 40% (w/v) glucose; 1 ml.
t Mature phage DNA refers to any DNA having the properties of the DNA extracted from pha@ particles. P22 PHAGE DNA INTERMEDIATES fj"3 i 20% (w/v) NH&I; 05 ml. 1 M-MgSO,; 0.4 ml. 25% (w/v) NaCl. When phosphate is added to a final concentration of 20 pg phosphorus/ml., the medium is called LCGBO. When lower phosphorus concentrations are desired (for ~2P-labeling), an appropriate amount of phosphate is added and the medium called LP/.z where x is the concentration of phosphorus in pg/ml.
Buffered saline is 0+35~c (w/v) NaCl and 0.066 m-phosphate buffer (pH 7.1). Trisbuffered saline contains 0.1 M-Tris (pH 7.2) in place of phosphate.
(c) Bacteria and phage The strain of S. typhimurium used as host for P22 phage is strain 18 (Levine collection) . It is a derivative of strain LT2 cured by Zinder (1968) of the PBl phage. It was called strain SAl by Zinder.
The wild type (c+) and the clear mutant (ci) were described by Levine (1957) and by Levine & Curtiss (1961) . The temperature-sensitive clear mutant tic2 phage (Levine & Smith, 1964 ) produces a turbid plaque at 25°C and a clear one at 37°C. Stable lysogens of this mutant phage can be made and maintained at 25"C, but if such a lysogen is heated to 3Q°C, it will be induced to produce progeny phage. A temperature-inducible lysogen was made by infection of strain 18 with tscz phage at 25°C. It grows normally at 25"C, but upon shift of temperature to 39°C more than 98% of the cells become infective centers.
The procedures used for the growth, maintenance and assay of P22 phage are described by Levine (1957) .
(d) Purificution of phuge stocks in cc&urn chloride Spontaneous phage lysates are concentrated by centrifugation (in a Sorvall SS34 rotor) at 17,000 rev./min for 90 min. The phage pellet is resuspended in buffered saline and applied to a stepwise gradient of CsCl. After centrifugation at 45,000 rev./min in a Spinco SW5OL rotor for 20 min, the phage band is visible and is collected through a hole in the bottom of the tube. CsCl is removed by dialysis overnight against 1000 vol. of buffered saline or 0.01 M-Tris (pH 7.4). Viability of the phage is not affected by these procedures.
(e) Preparation. of 32P-labeled phczge A culture of strain 18 grown overnight at 37°C without aeration in LCGBO medium, washed by centrifugation, and resuspended in Tris-buffered saline is used to inoculate LP/O.5 medium to a density of about 10" cells/ml. This suspension is shaken at 37°C until the cell density reaches 10s cells/ml., at which time phage are added to a final multiplicity of 5 phagelcell. Simultaneously, carrier-free 32P04 is added to a maximum concentration of 10 &ml. After lysis of the culture, phage are oollected and purified as described above. The operations, beginning with the addition of 32P and ending with the collection of the CsCl gradient, take about 2.6 hr. 20 ml. of culture yields about 5 x 1011 plaque-forming units each containing about 10m6 cts/min.
(f) Preparation of 3H-labeled phage Strain 18 bacteria growing exponentially in LCG20 at 37°C are infected with 6 c1 phage per bacterium. Simultaneously, 260 pg deoxyadenosine/ml. and 10 pc [3H]thymidine/ml. are added. After lysis of the culture, phage are isolated and purified as described above.
(g) Preparation of puri&d 23P-or 3H-lubeled phuge DNA Radioactive phage purified in CsCl are shaken gently (in the cold) with an equal vol. of water-saturated redistilled phenol. The aqueous layer is removed and the phenol layer extracted again with O-5 vol. of Tris-buffered saline. The aqueous layer is again removed and mixed with the aqueous layer from the first extraction. The mixture is extracted once more with an equal vol. of phenol, and the aqueous layer, which usually contains about 95% of the input radioactive material, is dialyzed for 36 hr against 3 changes of 1000 vol. of 0.01 M-Tris, 0.01 M-EDTA (pH 8). A portion of this preparation is added to enough C&A (65% w/w) to produce a final density of 1.7 g/cc. This is centrifuged in a Spinco Sly39 rotor at 35,000 rev./min for 36 hr. The DNA band is collected and dialyzed against 1000 vol. of 0.01 M-T&s (pH 8) for 24 hr. The sedimentation rate of DNA isolated in this way is indistinguishable from the DNA of phage lysed by heating to 66°C for 20 min in 2% Sarkosyl detergent.
(h) Te?nperature induction and infection Induction of the temperature-sensitive lysogen was accomplished by centrifuging the cells (lOa cells/ml.), growing exponentially in LCG20 at 26"C, at low speed at room temperature, resuspending the pellet in 0.1 vol. of LCGBO and diluting lo-fold into warmed (39"C)LCG20.
Infection was accomplished by adding an equal vol. of strain 18 cells (2 x lOs/ml.) growing exponentially in LCG20 at 37°C into warm LCG20 containing the appropriate number of phage (usually 4 x lo0 phage/ml.). All these operations were done in side-arm flasks; cell density and growth were followed in a Klett calorimeter.
Spontaneous lysis occurs at about 35 mm after infection with phage c1 and about 56 min after shifting strain 18 (tica) cells to 39°C.
(i) Puke-labeling of intracellular DNA [3H]Thymidine was added at the appropriate time to a final concentration of 20 PC/ml. ; the specific activity varied between 10 and 17 c/m-mole. Growth was stopped by removing a sample (1 ml.) and vigorously squirting it into an equal vol. of the lysis mixture (see below) with a spring-loaded syringe; no further incorporation of [3H]thymidine can be detected after mixing with the lysis mixture. If a chase was desired, non-radioactive thymidine was added after 2 min to a final concentration of l-Ei to 2 mg/ml. During such a chase, incorporation of radioactivity continues at a decreasing rate for about 3 to 6 mm.
(j ) Lyai.9 procedure The procedure is a modification of that described by Frankel (196M). 10 ml. of the lysis mixture contains 1 ml. 1 M-Tris (pH 8.0); 2 ml. 0.6 M-EDTA (pH S-6) (filtered); 0.1 ml. 1 M-NaCN; and O-1 to 0.2 ml. lysozyme (10 mg/ml.) freshly prepared in O-26 M-TX+ (pH 8.0). After mixing equal vol. of culture and lysis mixture, the lysates are handled extremely gently. Subsequent reagents are added down the side of the tube, and mixing is by diffusion and convection only. The mixture is incubated for 10 min at 31°C. It is then transferred carefully to 66%. After 3 min. enough Sarkosyl is added (down the side of the tube) to give a final concentration of 27c, and incubation is continued at 65'C for 20 more min. The lysates are stored thereafter at room temperature. The neutral sucrose gradient profiles of these lysates remain the same for at least 6 weeks.
If the cell concentration in the solution to be lysed exceeds 3 x lO*/ml., the resulting sucrose density-gradient profiles are variable, presumably because of DNA aggregation effects. The method described above lyses phage particles as well ss bacteria. Before making the gradients, 0.3 ml. of a solution of high density consisting of 80% (w/v) iothalamic acid (Angio-Conray) and 20% ( w v sucrose is pipetted into the bottom / ) of the 5-ml. cellulose nitrate tubes. The gradients are then made on top of this material (Britten & Roberts, 1960 ) using a Buchler gradient mixer which makes 3 linear gradients simultaneously. The tinal volume of the whole system is 4.9 ml. The material at the bottom facilitates the recovery of material which would otherwise become a pellet. I am indebted to Dr S. Altman (Altman t Lerman, manuscript in preparation) for suggesting this technique.
Samples of lysate (O-1 ml.) are layered on top of the gradients using polyethylene tubing (Clay-Adams, no. PE 240) driven by the screw adjustment on a l-ml. automatic syringe.
(ii) Alkaline graditmta Alkaline sucrose solutions contain either 6% or 20% sucrose, 0.006 m-EDTA and O-1 y. Sarkosyl. The solutions are titrated with a pH meter (calibrated at pH 10) to pH 12.1 with 10 M-NaOH before being made up to final volume. 46-ml. gradients are made on top of 0.1 ml. of the iothalamate-sucrose solution. Then O-1 ml. of a solution 0.36 M in NaOH and containing 0.1 o/o (w/v) Sarkosyl is layered on the gradient, followed by application of O-1 ml. of lysate. The two layers can be seen to mix. This expedient serves to bring the lysate to alkaline pH without additional handling.
Strand separation does occur in these alkaline gradients. Purified P22 DNA isolated from such a gradient and resedimented in neutral sucrose sediments as a single band in the region expected for "neutral denatured" DNA. Studier (1965) presents evidence that the transition from native to neutral denatured DNA requires strand separation.
Neutral and alkaline gradients are allowed to stand for 15 to 30 mm before centrifugation to permit the very viscous lysates to form an even layer on top of the gradients. The speeds and times of the centrifugations are indicated in the legends to the Tables and Figures, as are the recoveries from each gradient.
Gradients are collected by puncturing the bottom of the tube with a needle; the drops are collected onto numbered reotangles of Whatman 3 MM filter paper (# in. by l# in.). These are thoroughly dried and soaked twice in cold 10% triohloroacetic acid for 30 min ; washed in 6% trichloroacetic acid for 16 min, and finally in cold acetone for 15 min. After being dried in air, they are placed in vials containing 15 ml. of mixture of 300 mg dimethyl POPOP and 6 g PPO/l. of toluene and counted in a Packard 3-channel scintillation counter.
(1) DNA-DNA hybridization Unlabeled DNA purified from phage particles or from bacteria was denatured and attached to nitrocellulose membrane filters as d&bed by Denhardt (1968) . The binding of radioactive denatured DNA to these filters measures hybridization with attihed DNA. Radioactive lysates to be hybridized were dialyzed for 72 hr against 4 changes of 1000 vol. of 0.01 Y-T& and O-01 M-EDTA (pH 8.0) at room temperature to remove all soluble radioactive material and detergent. Samples were diluted and the DNA denatured in boiling water for 10 min. The annealing mixtures contained 0.08 to 0.12 M of radioactive DNA, Denhardt's (1966) polymer mixture, and one of 3 kinds of filters : "phage" filters had been exposed to 1 l-2 ccg of denatured purified phage DNA; "bacterial" filters to 1 I.0 pg of denatured purified bacterial DNA ; and the "blank" filters to no DNA. All filters had been pre-incubated in the polymer mixture. Annealing was carried out in a total volume of 1 ml. for 12 to 16 hr at 65°C. The binding activity to blank filters varied from 3 to 16% of the total *acid-preoipitable radioactive material applied, and the total recovery on filters varied from 26 to 76% of that applied. These variations were much smaller among samples run at the same time, and the only values accepted were those where duplicates were within 10% in all parameters. Although variation in recovery we.a very large between determina tions 'on a given sample on two different days, the ratio of phagebinding to baoterial-binding activity remained quite constant. For example, one sample gave only 26% recovery in one experiment, with a phage/bacterial ratio of 2.6. In a second experiment the same sample gave a recovery of 46%, and the ratio was 2.8. The reasons for these variations are not clear.
Results
(a) Incorpordon of ['H]thym&ne into DNA aTuring lytic cyclea of phuge gmwth Incorporation was studied after induction of a temperature-inducible lysogen (Fig. l(a) ) and after infection with a non-lysogenizing (cl) phage strain ( Fig. l(b) ). In both cases the rate of DNA synthesis shows an initial drop, rises suddenly about ten minutes later, and continues at a high rate until shortly before lysis. It will be shown below that the rise at ten minutes is due primarily to the synthesis of phage DNA. Bacteria growing exponentially at 25'C were harvested and diluted into medium at 39%. The temperature-inducible lysogen was strain 18 (tacz) and the non-lysogen control was strain 18. Pulses were begun by adding 1 ml. of culture to 10 pc of [eH] thymidine (17 c/m-mole) and terminated 1 min later by adding an equal vol. of lysis mixture. The lysis procedure and the preparation of sucrose gradients having dense material at the bottom to ensure recovery are described in the Materials and Methods. 0.1 ml. of lysate was applied to each gradient; the gradients were centrifuged for 30 min at 26,000 rev./min in a Spinco SW39 rotor at 23°C. Gradient collection and determination of acid-insoluble radioactive material were carried out as desoribed in the Materials and Methods. The number of fractions obtained per gradient varied from 32 to 36.
t Proportion recovered at the bottom is radioaotive material recovered in the 6rst six fraotions of the gradient divided by the total radioactive material reaovered in the gradient expressed as a percentage.
(b) Sedimentation behavior of DNA pulse-labeled after temperature inahtbn
The DNA labeled in l-minute pulses of [3H]thymidine administered at intervals throughout the latent period was examined in neutral sucrose gradients (Table 1) . About 60% of the DNA labeled any time after the onset of phage DNA synthesis is recovered et the bottom of the gradient. This material is not bacterial DNA, as shown by the analysis of DNA extracted from uniformly labeled non-lysogenic cells (Fig. 2) .
Sedimentation rate of uniformly labeled bacterial DNA. Strain 18 cells were grown at 37'C from a density of 6 x lo6 cells/ml. to lo* celle/ml. in LCGBO medium containing 260 pg deoxyadenosine/ml. and 5 PC (10 c/m-mole) [3HJthymidine/ml. Uptake of radioactivity was proportional to growth over the last four generations. Lysis was cerried out aa described in Materials and Methods; a small number of 3aP-labeled phage were lysed simultaneously to provide a marker for the phage DNA position. The lysate was layered on a neutral sucrose gmdient of the usual composition together with whole, unlysed, 3aP-l&eled phege. ThuE the gradient contains two 3aP-labeled species; phage DNA and whole phage particles. The conditions of centrifugation and analysis of the gradient are the same aa those in the legend to Table 1 . Here most of the bacterial DNA sedimented through about one-third the length of the gradient; the intact phege particle marker sedimented through about half the length; and a phage DNA marker hardly sedimented at all. The fact that most of the bacterial DNA does not sediment to the bottom of the gradient makes it unlikely that the high sedimentation coe&ient of pulse-labeled phage DNA is the result of tangling with bacteria1 DNA. Furthermore, in the gradients which provided the data in Table 1 there usually is a component sedimenting et the same rate as bacterial DNA ; however, this material accounts for 15% or less of the total pulse-labeled DNA after induction.
The proportion of radioactivity at the bottom of the gradients from the induction experiment (Table 1) is probably an underestimate. First, this material is the only defined component in the gradients other than a small amount of DNA, presumably bacterial, at 250 s; the remainder of the acid-precipitsble radioactive material is spread evenly throughout the gradients. Second, resedimentstion of isolated bottom component reproduces the pattern : 70% of the material again at the bottom, and the rest distributed throughout the gradient. Therefore the data in Table 1 are interpreted as indicating that most, if not all, of the [3H]thymidine incorporated in one minute is incorporated into the very rapidly sedimenting species at the bottom of the gradients.
If one assumes a sedimentation coeficient of about 380 s for the phage particles (unpublished results) and 33 s for the phage DNA (Studier, personal communication), the bacterial DNA (Fig. 2) has a sedimentation coefficient of about 250 s and the bottom of the gradient will represent a minimum sedimentation rate of 800 s. Other experiments of this kind have shown that the DNA pulse-labeled after induction of strain 18 (tscJ has a sedimentation rate of at least 1000 s.
(c) The fate of DNA pulse-lubeled after temperature induction A two-minute pulse of C3H]thymidine was administered after the onset of phage DNA synthesis (20 minutes after induction) and chased with excess unlabeled thymidine. Samples were taken at intervals thereafter. The lysis mixture contained a trace amount of 32P-labeled phage. Since the procedure lyses the phage, this provides 3aP-labeled phage DNA as a marker in the sucrose gradients. A control experiment showed that this DNA is indistinguishable in sedimentation from 3H-labeled DNA extracted from phage particles with phenol and purified in CsCl equilibrium densitygradients. Addition of the phage before lysis also provides a control for simple aggregation artifacts which might otherwise be invoked to explain some of the results. Strain 18 (taoa) cells were induced by dilution into medium at 40% to start experiment.
[3H]-Thymidine (20 &nl.
; 10 c/m-mole) was added 20 min after induction; the pulse was terminated 2 min later by the addition of 2 mg of unlabeled thymidine/ml.
The lysis mixture contained a smell number of 3aP-labeled phage to serve as a marker. The gradients had a cushion of dense material at the bottom to insure reaovery. Sedimentation was for 60 min at 36,000 rev./min at 23'C. Recovery of snP radioactivity in the gradient was always better than 90% ; of 3H radioactivity always better than 82%. (-O--O-) saP radioaotivity; (-a-e--) "H radioactivity. Profiles from neutral sucrose gradients of these lysates are shown in Figure 3 . In order to resolve the peaks near the top of the gradients, these gradients were run at higher speeds and longer times than the previous ones (Table 1 and Fig. 2) . Unfortunately, bacterial DNA (about 250 s) now sediments to the bottom of the gradients. Nevertheless, control experiments showed that there was a negligible amount of 250 s material in the lysates of this and all subsequent experiments. Furthermore, hybridization experiments (see below) indicate that the pulse-labeled DNA has little aillnity for purified bacterial DNA.
Immediately after the pulse, most of the labeled DNA is found at the bottom of the gradient (Fig. 3, frame 1) . None of the 3aP-labeled phage DNA marker is found at this position in any of the gradients in Figure 3 , and there is no pulse-labeled DNA at the marker position. As discussed previously (Table 1 ) the pulse-label is at the bottom no matter when the pulse is administered.
As DNA synthesis continues in the presence of unlabeled thymidine, pulse-labeled DNA begins to appear in a position in the gradient corresponding to a sedimentation rate 1.3 to 1.7 times the sedimentation rate of the mature phage DNA (frames 2 and 3).
Near the end of the latent period (frames 4 and 5), some of the pulse-labeled phage DNA appears at the marker position. By the time the culture lyses spontaneously (between frames 6 and 7), almost all of the pulse-labeled DNA has a sedimentation rate similar to that of the marker DNA extracted from phage particles. To summarize, DNA pulse-labeled after induction has been observed in two forms which sediment more rapidly than DNA extracted from phage particles. These forms are apparently derived from intermediates in the synthesis and maturation of phage DNA, since [3H]thymidine appears in them before it appears as mature phage DNA. In order to simplify the subsequent presentation, the sedimentation forms are defined as follows.
Intermediate I. This material sediments at a rate exceeding 1000 s. It contains most of the pulse-label incorporated in short pulses administered at any time after the onset of phage DNA synthesis, provided that the cells are lysed immediately. It thus appears to be the replicating form as seen in the present procedure.
Intermediate II. This material sediments somewhat more rapidly than DNA extracted from phage particles. It is observed only if DNA synthesis is alloxved to continue after pulse-labeling.
Mature phuge DNA. DNA having a sedimentation rate indistinguishable from that of DNA extracted from phage particles.
It must be stressed that these materials as defined have been subjected to all the manipulations of the lysis procedure, and that they may well be different in the intact cells.
(ii) Xedimentation through alkaline sucrose gradients
The lysates from the same experiment were centrifuged in alkaline sucrose gradients (Fig. 4) . Some 3H-labeled material still sediments to the bottom of the tube in samples taken early in the latent period, but here this is not the only component in the gradient. Comparison of frame 1 of Figure 4 with the same frame of Figure 3 shows that much of the material at the bottom in neutral gradients sediments in a broad band near the top of the alkaline ones; this band has components sedimenting both more slowly and more rapidly than the phage DNA marker. However, during the chase (frames 2 through 5), there is pulse-labeled material which sediments in alkali at a rate of 1.2 to 1.5 times the rate of mature DNA. In alkaline as well as in neutral gradients, virtually all the labeled DNA sediments at the rate characteristic of mature phage DNA by the time spontaneous lysis occurs (frames 6 and 7).
TABLET
(d) Sedimentation behavior of DNA pulse-labeled after infection Pulse-labeling at various times after infection with c1 phage (Table 2) gives the same results as after induction (Table 1) . In both cases, most of the [3H]thymidine incorporated in all pulses administered after the onset of phage DNA synthesis is found at the bottom of neutral sucrose gradients, i.e. in intermediate J. was added 2 min later. Samples were lysed as described in Meterials and Methods. Neutral sucrose gredients of the usual composition were centrifuged for 60 min at 36,000 rev./min at 23W. Collection 8nd rtnalysis of the gradients ~8s performed in the usmal way. Recovery of 3aP-r8dio8ctivity ~8s alweys better than 90%; of 3H radioactivity 8lw8ys better tha4 87%.
saP radioactivity; (-@-a-) 3H mdioectivity.
3aP-labeled DNA initiates the infection and is followed through the subsequent pulsechase experiment. In addition, some of the 32P-labeled DNA sediments near the top of the gradient (Fig. 5, frame 1) . This DNA was shown to have the same sedimentation rate as purified 3H-labeled phage DNA, and thus still serves as a marker for the mature phage DNA position.
(i) Sedimentation through neutral sucrose gradients
The distribution of the 3H pulse-labeled DNA as the infection proceeds corresponds to the pattern found after temperature induction. At first the major component is intermediate I, at the bottom of the gradient. Later, intermediate II emerges at a position indicating a sedimentation rate 1.3 to 1.7 times the sedimentation rate of the mature phage DNA. Eventually (at the time of spontaneous lysis) most of the label accumulates in a position identical to that of mature phage DNA.
It is apparent from Figure 5 that there is parental label associated with intermediate I, as well as in the position of mature phage DNA. This is consistent with the notion that intermediate I is the replicating form.
(ii) Sedimentation through alkaline sucrose gradients
The results of alkaline sucrose gradients ( near the mature phage position, although some pulse label (and a small amount of 32P) still sediments to the bottom. Later, when intermediate II is apparent in the neutral gradients, there is in the alkaline gradients a component which sedimenb somewhat more rapidly than the mature phage DNA (frames 2, 3 and 4 of Fig. 6 ). These experiments indicate that the pattern of intermediate forms is found in both infection and induction.
(iii) Comparison of the fates of parental and pulse-labeled phuge DNA Both parental and newly synthesized phage DNA appear in intermediate I (Fig. 5) . Participation of parental DNA in intermediate II a8 well is suggested by the data in Table 3 . Intermediate I has a characteristic ratio of 3H (newly synthesized DNA) to 3aP (parental DNA) times after i&&ion with c1 phege. The date ere derived from the gmdienta of Fig. 6 . (8) The ratio of aH mdioaotivity (pulse-labeled DNA) to a1P redioactivity (parental DNA) in the unfr8ationeted lysste (---n-n-) and in the first 6 frmtions of each gradient (bottom fraction; -m-m-).
(b) The proportion of aH rsdioeotivity (p&e-lsbeled DNA; -a-@--) and aeP mdiosotivity (parentsl DNA; -O-O-) reoovered in the first 6 fractions of each of the gmdienta in The constancy of the 3H/3aP ratio in intermediate I during the early part of the latent period is difficult to interpret?. However, the fact that the ratio is constant t Deteiled kinetio enalysia is not justified during the iirst 10 min after the addition of unlabeled thymidine beaause [aH] thymidine continues to be incorporated, at a decreesing rate, for about 6 min. The extm inoorporation adds about 30% to the tot& radioactivity t&en up. This problem should not tie& the inkpretation of the aH/aaP ratios during the latter half of the latent period, during whioh the toti aH es well aa the aaP remain conatast (Table 3, Fig. 7) . The data are derived from Figs 6 and 6. "I" is the ratio 3H/3aP in the fist 6 fractions of the gradients. "II" is the ratio 3H/ssP in the regions marked in the relevant frames of Figs 5 and 6. There are no systematic variations in ratio across these regions. Values are omitted only where the total slP radioactivity is too small to give a sign&ant ratio.
during the latter half of the latent period, during which there is a 40-fold decrease in parental and newly synthesized phage DNA in intermediate I (Fig. 7) (Fig. 6 ) have a ratio of 3H/32P characteristic of the intermediates.
In a CsCl equilibrium density-gradient (Weigle, Meselson & Paigen, 1959) , progeny phage from this experiment formed a single symmetrical band, in which the 3H, 3aP, and plaque-forming units are superimposed. About 70% of the 3H-labeled DNA, and 30% of the 32P-labeled (parental) DNA were recovered in the progeny. The ratio of 3H I 3aP in the progeny (1.9) corresponds to the ratio found in the intermediates, and not to the ratio in the unfractionated lysates.
The decrease in the proportion of pulse-labeled DNA and parental DNA found in intermediate I begins abruptly at about 20 minutes after infection (Fig. 7(b) ), corresponding to the onset of late phage functions (Levine, unpublished results) . This suggests that the transfer of labeled DNA from the form extracted as intermediate I into the form extracted as intermediate II is itself a late phage function.
(f) IdentiJication of pulse-lubeled DNA by DNA-DNA hybridization Selected lysates from the pulse-chase experiments after induction and after infection were examined by DNA-DNA hybridization on nitrocellulose filters (Denhardt, 1966) (Table 4 ). The substantial variations in the recovery on filters (see Materials and Methods) make detailed quantitative evaluation of the data difficult. However, since the ratio of phage-binding and bacterial-binding activity did not vary greatly, the qualitative result is clear. Pulse-label is incorporated mainly into polynucleotide chains homologous to those of phage DNA. Furthermore, the ratio of phage-binding to bacterial-binding activity is the same immediately after pulse-labeling as it is near the end of the latent period. These results verify that the DNA analyzed here is primarily phage DNA. 0 The radioctctivity found on phage filters compared to the sum of radioactivities found on both kinds of filters.
(g) Sedimentation behavior of isolated intermedide II Intermediate II sediments somewhat more rapidly than mature phage DNA in neutral sucrose gradients. A similar species was found, at the same times during the latent period, in alkaline sucrose gradients. In order to clarify the nature of this unusual form of DNA, intermediate II was isolated from a neutral sucrose gradient run without detergent, dialyzed, and treated extensively with pronase (see legend to Fig, 8 ). This material hybridizes primarily with phage DNA (Table 4) .
The isolated material was centrifuged through a neutral and an alkaline sucrose gradient together with purified 32P-labeled phage DNA marker. The conditions were arranged so as to approximate as closely as possible to the conditions used by Studier (1965) . These manipulations have not abolished the increased sedimentation rate of intermediate II in neutral gradients (Fig. 8(a) ). In alkali (Fig. S(b) Strain 18 cells infected with 20 c1 phage/cell were labeled with [3H]thymidine (6 PC/ml., 17 c/mmole) in the presenoe of 260 pg deoxyadenosine/ml. beginning at 10 min after infection. At 28 min after infection the cells were lysed (see Materials and Methods) and the lysate centrifuged through a 30-ml. neutral sucrose gradient together with 3aP-labeled marker phage DNA. The gradient contained no detergent. The fractions in the intermediate II region were pooled, treated overnight with 1 mg pronase/ml., and dialyzed for 2 days (with more pronase) against 0.01 M-Tris (pH 7.6).
The isolated material was mixed with purified 3aP-18beled phage DNA and epplied to the following 6 ml. gradients: (a) 6 to 20% sucrose gradient containing 1.0 an-N&l, 0.02 rd-Tris and 0.01 an-EDTA (pH 8). 0.1 ml. of the mixture wae applied. (b) 6 to 20% sucrose gmdient containing 0.9 M-N&~, 0.1 ad-N8OH (the solution was titrated to pH 12.1; actually, the concentration of NaOH is somewhat greater than 0.1 M), and 0.006 M-EDTA. 0.1 ml. of 0.26 M-N&OH was layered on the gredient before the applioation of the sample (0.1 ml. also). The completely layered gradient was allowed to stand for 30 min before centrifugation.
Centrifugetion in both (a) and (b) wae for 136 min at 36,000 rev./min at 23'C. In both (a) and (b) there was better than 86% recovery of all radioactivities.
( 
Discussion
The experimental results may be summarized as follows :
(1) Most of the [3H]thymidinejncorporated in a one-minute pulse administered at any time after the onset of phage DNA synthesis, be it after induction of a temperatureinducible lysogen or after infection with c1 phage, is extracted in a form (intermediate I) which sediments in neutral sucrose density-gradients at a rate exceeding 1000 S. This material hybridizes primarily with phage DNA and is distinguishable in sedimentation coefficient from the bacterial DNA of uninfected cells (about 250 S) and mature phage DNA (33 s; Studier, personal communication).
(2) If a short pulse is followed by a chase with unlabeled thymidine, material disappears from intermediate I and appears in another form (intermediate II) whioh has a sedimentation coefficient 1.3 to 1.7 times the sedimentation coefllcient of the mature phage DNA, i.e. 43 to 56 s.
(3) Eventually most of the pulse-label is chased into a form indistinguishable in sedimentation coefficient from the mature phage DNA. About two-thirds of the pulselabel is recoverable in the progeny phage particles. Most of the DNA labeled in the pulse can be identified as being homologous to mature phage DNA by DNA-DNA hybridization. (8) The ratio of pulse-labeled DNA to parental DNA after infection with 3aP-labeled phage suggests that both kinds of DNA move through the sequence of intermediates together.
(9) Infection with 32P-labeled phage followed by pulse and chase with [3H]thymidine yields progeny phage particles having a ratio of the two radioactivities identical with that found in the intermediates.
No attempt has been made in most of the experiments to purify labeled DNA before analysis in sucrose density-gradients. On the contrary, every effort has been made to preserve the integrity of the labeled DNA by minimizing mixing and handling of the lysates. Large concentrations of detergent and chelating agents have been employed to minimize enzymic degradation of the labeled DNA. The high sedimentation coe%l-cient of labeled bacterial DNA obtained with these methods may be an indication of the success of this approach; the approximate sedimentation coe&ient of 250 s obtained for bacterial DNA somewhat exceeds the theoretical value calculated for intact chromosomes from the equations of Studier (1965) . (Kozinski & Lin, 1965; Smith & Burton, 1966; Frankel, 1966u; Smith & Skalka, 1966; Saltzman & Weissbach, 1967; Young & Sinsheimer, 1967) in which intracellular phage DNA has been examined. In several cases, materials resembling intermediate I have been detected. In particular, Smith & Burton (1966) found that almost all of the pulse-labeled and half of the total intracellular DNA in TS-infected Escherichia coli lysed with detergent, remain at the interface between the aqueous and phenol phases after gentle extraction with phenol. The amount of phage DNA in this form, as a function of time after infection, indicates that the DNA recovered at the phenol-water interface may have a physiological role in T5 infection similar to the one apparently taken by intermediate I in P22 infection. A similar situation was observed after T4 infection by Frankel (196Sa) and by Kozinski t Lin (1965) , who also found 3aP-labeled parental phage DNA at the phenol-water interface.
Frankel(1966u) and Smith & Burton (1966) attribute the extraordinary properties of "interface DNA" and similar species to trapping of replicating DNA by the rigidwall structures of the disrupted bacteria. Smith & Skalka (1966) have found such structures upon examining the phenol-water interface in the electron microscope. All these authors report that DNA found in the phenol-water interface may be removed from this fraction by the action of lysozyme. They also 6nd that pulselabeled DNA does not appear at the phenol-water interface if lysozyme treatment precedes lysis with detergent. Frankel (1966a) reports that conditions whioh cause trapping of newly synthesized phage DNA, also cause trapping of the bacterial DNA, although all authors agree that mature phage DNA is not trapped.
It is unlikely that trapping of newly synthesized phage DNA by the rigid-wall structures of bacteria can account for the properties of intermediate I for the following reasons.
(1) Most of the pulse-labeled or uniformly labeled bacterial DNA of uninfected bacteria lysed as described in Materials and Methods sediments much more slowly than intermediate I, but at a rate consistent with little or no degradation.
(2) Intermediate I is formed when phage DNA synthesis has just begun. A temperature-sensitive phage mutant unable to synthesize DNA in measurable quantities nevertheless contributes parental phage DNA to intermediate I (Botstein & Levine, 1968) .
Artifacts due to the random aggregation of DNA are also unlikely. In addition to the above reasons, labeled DNA from phage added to the lysis mixture and lysed together with infected or induced cells does not appear in intermediate I, even though parental phage DNA does appear in intermediate I after infection with 3aP-labeled phage. (Jacob, Brenner $ Guzin, 1963; Guzin & Jacob, 1967; Ganesan & Lederberg, 1965) . This association appears to be a normal (very possibly essential) step in the phage DNA replication process. This conclusion is supported by the observation that the release of newly synthesized phage DNA from the complex in the cell (which upon extraction is intermediate I) begins simultaneously with the onset of late phage functions. Kozinski & Lin (1966) came to a similar conclusion regarding the physiological role of DNA recovered at the phenol-water interface after infection of E. mli with T4 phage.
About two-thirds of the pulse-labeled DNA in intermediate I, when examined in alkaline sucrose gradients immediately after pulse-labeling, sediments as a broad band completely overlapping the reference DNA band. Since the material sedimenting more slowly than mature phage DNA disappears during the chase, it may represent incomplete new DNA strands. The existence of the more rapidly sedimenting component may indicate that the production of DNA with the alkaline sedimentation rate characteristic of intermediate II may occur while this DNA is still in the synthesis complex. Studies with a phage mutant which apparently accumulates DNA in intermediate I (described in the following paper (Botstein & Levine, 1968) ) support this view. In any event, it appears that much of the DNA in intermediate I, despite the huge sedimentation coefficient, consists of polynuoleotide strands of approximately the same length as those of mature phage DNA.
Although intermediate I appears to be the 6rst intermediate in phage DNA synthesis, these experiments would not have detected possible precursors with short life-times. Extensive DNA synthesis cannot be required for the appearance of parental phage DNA in intermediate I, since normal amounts of parental phage DNA appear in intermediate I after infection with a temperature-sensitive phage mutant unable to synthesize measurable amounts of DNA (Botstein & Levine, 1968) .
(c) Nature of intermediate II More is known about the nature of intermediate II. It is likely that DNA in this form does not replicate as such. This conclusion is based on the observation that little, if any, pulse-label is incorporated directly into this form, even if the pulse is administered late in the latent period. The same argument applies to the possibility that mature phage DNA replicates as such. Intermediate II appears to be a derivative of intermediate I, since the ratio of pulse-labeled to parental phage DNA in intermediate II is the same as that found in intermediate I.
Analysis of isolated intermediate II shows that it could be the source of much of the DNA which was found to sediment somewhat more rapidly than mature phage DNA in alkaline sucrose gradients. This increased sedimentation rate appears to be unaffected by prolonged incubation with pronase, making it unlikely that the increased sedimentation rate is due to attachment of DNA to protein. Intermediate II probably does not represent a closed circular duplex form of DNA resembling the polyoma or lambda circular forms (Vinograd & Lebowitz, 1966; Young & Sinsheimer, 1964; Bode & Kaiser, 1965) , since the alkaline sedimentation rate of such material should be much greater than that observed for intermediate II. Furthermore, although the buoyant density of intermediate II DNA in alkaline CsCl equilibrium densitygradients is unusual (Botstein, unpublished results) it does not have the greatly increased density expected of closed circular DNA (Vinograd & Lebowitz, 1966) .
The most likely explanation for the unusual behavior of intermediate II DNA is that its polynucleotide strands are longer than those of the mature phage DNA. The strongest argument for this interpretation is that the difference in sedimentation rate between intermediate II DNA and mature phage DNA is about the same in neutral and alkaline sucrose gradients (Studier, 1965) . If the relative sedimentation coefhcients are accurate, the polynucleotide strands of intermediate II DNA would be from two to five times as long as those of the mature DNA.
The ratio of 3H-radioactivity (pulse-labeled phage DNA) to 32P radioactivity (parental phage DNA) after infection with 3aP-labeled phage followed by pulse and chase of [3H] thymidine is the same in the intermediates and the progeny phage particles, but different from the ratio in the unfractionated lysate. This implies that the replicated DNA in the intermediates is the preferred source of DNA for encapsulation into phage heads. This, in turn, means that the mature phage DNA which arises from the conversion of intermediate DNA must be distinguished in some way from unreplicated parental phage DNA which is not encapsulated. The need to invoke such a distinction disappears if the substrate for encapsulation is not mature phage DNA but intermediate II. If intermediate II DNA consists of polynucleotide strands longer than those of the mature phage DNA, and the genome is repeated over and over in this molecule, then the scheme as outlined will perpetuate the circular permutation and terminal repetition of the information encoded in phage P22 DNA (Rhoades et al., manuscript in preparation) in the manner proposed by Streisinger and his collaborators Sechaud et al., 1966; Streisinger et al., 1967) .
Many of these assumptions can be tested by the use of conditional lethal mutants having deficiencies in the synthesis and maturation of phage DNA. Such mutants are the subject of the following communication (Botstein & Levine, 1968) .
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